The chemisorption of n-butylamine (n-BA) and n-butylmercaptan (n-BM) on cobalt-molybdenum catalysts supported on alumina containing fluoride ions was studied. The active phases of the catalysts were introduced in two ways: either simultaneously or in two stages. It was shown that the chemisorption of n-BA increased with increasing concentration of fluoride ions, but no such relationship was observed for n-BM. The sequence in which fluoride ions and CoMo were introduced had no significant effect on the effectiveness of chemisorption.
INTRODUCTION
Cobalt-molybdenum catalysts are mainly used in hydrotreatment processes such as hydrodesulphurisation and hydrodenitrogenation (Gates et al. 1979) . In order to increase the hydrogenolysis activity of the C-N and/or C-S bonds, the catalysts are suitably modified, e.g. by the introduction of fluoride ions (Sarbak et al. 1984; Lewandowski and Sarbak 1997) . These ions can be introduced either simultaneously with cobalt and molybdenum or in a two-stage process before or after the introduction of cobalt and molybdenum. It would be interesting to examine the dependence of the catalyst performance on the mode of fluoride ion introduction. This paper reports the results of a study of the chemisorption of n-butylamine and n-butylmercaptan on the abovementioned samples. For comparative purposes, catalysts containing sodium ions were also studied.
EXPERIMENTAL
The CoMo/Al 2 O 3 catalysts [denoted below as CoMoAlF(0)] were prepared by impregnating g-Al 2 O 3 (surface area, 180 m 2 /g) with aqueous solutions of Co(NO 3 ) 2 , (NH 4 ) 6 Mo 7 O 24 and NH 4 F or NaNO 3 . The samples were dried for 4 h at 120ºC and calcined overnight at 500ºC after each stage of the impregnation process. The composition of the samples and the sequence of ion introduction are presented in Table 1 .
Chemisorption of n-BA on the CoMo/Al 2 O 3 catalysts was studied by gas chromatography. Adsorption was conducted in a 10 cm length, 1 cm diameter column adsorber equipped with a steel net. The net was covered with a layer of quartz wool, followed by a layer of catalyst (200 ± 0.2 mg) which was covered with a layer of quartz wool 1 cm in thickness. The adsorber was then connected to the gas chromatograph (W. Giede GCHF 18) through which a stream of nitrogen gas used as the carrier was passed at a flow rate of 30 cm 3 /min. The catalyst was activated by heating for 1 h at 400ºC, following which 10 ml of butylamine was introduced by injection from a microsyringe. Such injections were repeated five times at 15 min intervals. The chemisorption of n-butylmercaptan was studied in an analogous fashion.
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RESULTS AND DISCUSSION

Adsorption of n-butylamine
Figure 1(a) presents the dependence of n-BA adsorption on the number of n-BA injections on to Al 2 O 3 and its modified form containing either fluoride or sodium ions. The data demonstrate that n-BA adsorption on to Al 2 O 3 /Na was much lower than that on the unmodified sample or the sample modified with fluoride ions. Furthermore, n-BA adsorption decreased with an increasing number of injections. Although the adsorption of n-BA was higher on Al 2 O 3 /F than on the unmodified samples, as the number of injections increased the amount of adsorption decreased to a greater extent on Al 2 O 3 /F than on Al 2 O 3 . A similar decrease in adsorption with an increasing number of injections was also noted for the CoMoAl series samples containing fluoride ions [ Figure 1 (b)], with the adsorption recorded for the first and last injection of n-BA decreasing in the sequence: CoMoAlF(1) > CoMoAlF(2) > CoMoAlF(4) > CoMoAlF(0). From this sequence, it follows that the simultaneous introduction of CoMo and Fions on to Al 2 O 3 resulted in an increase in n-BA adsorption relative to the unmodified sample.
The effect of introducing CoMo and fluoride ions as two Fions per 20 Al atoms in different sequences is illustrated by the data depicted in Figure 2 (a). The sample obtained via the two-stage modification process with the fluoride ions introduced in the second stage was characterised by a higher adsorption of n-BA relative to the two other samples studied. In this case, the adsorption capability of the samples decreased in the order: CoMo(I)F(II) > CoMo(II)F(I) » CoMoAlF(2). The sample with fluoride ions introduced in the first stage adsorbed greater amounts of n-BA but underwent de-activation more rapidly than the sample modified via a one-stage procedure. CoMo/Al 2 O 3 samples containing sodium ions introduced at different preparation stages showed a diverse behaviour for n-BA adsorption [ Figure 2(b) ]. The lowest adsorption after five injections of n-BA occurred on the sample obtained by simultaneous impregnation of Al 2 O 3 . The adsorption capacity of the sample with Na + ions introduced during the first stage was much greater than that of the sample with Na + ions introduced in the second stage. In terms of the decreased adsorption capacity of n-BA noted after five injections, the behaviour of the samples in this series followed the order: CoMo(II)Na(I) > CoMo(I)Na(II) > CoMoAlNa(2). 
Adsorption of n-butylmercaptan
Modification of Al 2 O 3 with For Na + ions resulted in a decrease in the adsorption of n-BM relative to the capacity of the unmodified sample over the whole range of injections studied [ Figure 3(a) ]. Indeed, for CoMoF samples with an increasing F/Al ratio obtained by simultaneous impregnation of the support with CoMo and Fions, a clearly marked dependence was noted between the Fion content and the adsorption capacity [ Figure 3(b) ]. In this particular series of samples, the adsorption of n-BM increased with increasing concentration of Fions in the sequence: CoMoAlF(0) < CoMoAlF(1) < CoMoAlF(2) < CoMoAlF(4). Figure 4 (a) presents the n-BM adsorption capacity as a function of the sequence whereby CoMo and Fions in an atomic ratio F/Al = 1:10 were introduced. The samples obtained by simultaneous impregnation exhibited the highest adsorption capacity over the whole range of injections studied. Those obtained by two-stage impregnation had a lower adsorption capacity. After the first two injections, samples with Fions introduced in the second stage of impregnation [CoMo(I)F(II)] showed a higher adsorption capacity relative to sample CoMo(II)F(I). However, after the next three injections, its adsorption capacity decreased and became similar to that of the sample with fluoride ions introduced during the first stage of impregnation. In terms of the decreasing adsorption of n-BM, these samples may be ordered as: CoMoAlF (2) The properties of the samples also depended on the manner in which CoMo components and sodium ions were introduced on to Al 2 O 3 [ Figure 4(b) ]. In these cases, the n-BM adsorption capacity was found to decrease in the following order: CoMo(II)Na(I) > CoMoAlNa(2) > CoMo(I)Na(II). Figure 5 presents the value of the initial adsorption of n-BA and n-BM plotted against the content of fluoride ions relative to 20 Al atoms in the various Al 2 O 3 samples. It will be seen that the adsorption of n-BA was clearly greater than that of n-BM. The greatest extent of n-BA adsorption was noted for sample CoMoAlF(1) in which the F/Al ratio was 1:20. The adsorption of n-BM increased initially with increasing fluoride content, but after the F/Al ratio exceeded 2:20 the increase in adsorption diminished. 
Adsorption on Al 2 O 3 and its modifications
Despite being employed as a support for active components, Al 2 O 3 is itself a good adsorbent. As demonstrated by the above results, the introduction of fluoride ions resulted in an increase in its activity towards n-BA. This may be explained by the generation of new Brönsted acidic centres and an increase in the strength of the Lewis acid centres on the alumina surface. This phenomenon probably occurs because of the replacement of basic hydroxy groups in Al 2 O 3 by more electronegative fluoride ions (Hirschler 1963) as illustrated in Scheme 1.
As a consequence of this process the initial adsorption of n-BA was greater on the Al 2 O 3 /F material as such adsorption involved two centres (Scheme 2a) rather than the one centre available in Al 2 O 3 (Scheme 2b). However, the Lewis acid centre on Al 2 O 3 /F was stronger than that on Al 2 O 3 and consequently the chemisorption of n-BA on to Al 2 O 3 /F was also stronger and led to the elimination of Lewis acid centres from further adsorption. As a result of this process, the adsorption of n-BA on to Al 2 O 3 /F decreased with subsequent injections and became lower than on Al 2 O 3 itself [ Figure 1(a) ]. The decrease in n-BA adsorption on Al 2 O 3 /Na may be explained in terms of the results obtained by Gokhberg et al. (1981) which demonstrated a decrease in the strength of the Lewis acid centres after the introduction of Na + ions. In these circumstances, basic n-BA will only interact with the remaining weak acidic centres on Al 2 O 3 /Na since the stronger ones would already have been eliminated from taking part in the adsorption process.
As far as the adsorption of n-BM is concerned, account should be taken of its weak acidic properties that are only slightly stronger than those of the corresponding alcohol (Ziólek and Sugioka 2000) . Because of these properties, it will be adsorbed on basic centres via the sulphur atoms in the molecule. On Al 2 O 3 , such basic groups are provided by hydroxy groups and oxide ions (Scheme 3a,b), while on Al 2 O 3 /F the basic centres are hydroxy groups, oxide ions and fluoride ions (Scheme 3a,b,c) and on Al 2 O 3 /Na the strength of the basic centres will increase.
Thus, in the presence of basic centres on Al 2 O 3 and its fluoride and sodium ion modifications, adsorption of low acidic n-BM will occur via its SH groups. However, the amount of n-BM adsorbed will depend not only on the number of adsorption centres but also on their strength.
